Abstract. Short modified carbon fibres (Cf) were applied to reinforce a 2024 aluminium alloy to investigate the effect of Cf content on the mechanical properties of an aluminium matrix composite. As Cf volume fraction increased, the composite had more pores and defects while Cf were distributed uniformly throughout and combined well with the matrix. Hot extrusion reduced pore and defect frequency, and made Cf aligned in the extruded direction. These factors, such as Cf volume fraction, distribution, interface combination with the matrix, pores and defects mainly induced by Cf adding, had a great influence on the mechanical properties of such aluminium matrix composites. In comparison with the matrix material, the elastic properties of the prepared composite were improved while its plasticity decreased. The results show that Cf surface modification, component control, and optimum heat treatment should be investigated further to improve the property of short Cf reinforced aluminium alloy composites.
Introduction
Recently, carbon fibre (Cf) has been considered as an important reinforcement for aluminium and its alloys in fabricating advanced composite materials. Cf reinforced aluminium matrix composite is used widely in aerospace, automotive, and military applications because of its excellent properties [1, 2] . Long Cf reinforced aluminium matrix composites have been studied extensively. Although their properties are better, they are unsuitable with regards to their processability, so their application is limited [3] [4] . However, short Cf reinforced aluminium matrix composites could overcome the shortcoming of long Cf reinforced aluminium matrix composites [5] [6] [7] [8] . Different contents of short Cf have a significant effect not only on the physical and mechanical properties of aluminium matrix composites [9] , but also on material production and cost. In practice, according to the particular demands of different applications, aluminium matrix composites can be designed on the basis of their short Cf contents and changes therein. Therefore, it was necessary to research the influence of Cf content on the properties of aluminium matrix composite. This research used short Cf with modification of their content (additive dose) to reinforce 2024 aluminium alloy so as to investigate the effect of short Cf content on the mechanical properties of an aluminium matrix composite. The results provided application and processing guidance for this type of composite material.
Experimental Procedure

Modification of Carbon Fibres
The 3K Cf was supplied by the Kangben Company, Xi'an, P. R. China: the fibres had a diameter of 7 μm, and a tensile strength of approximately 3.76 GPa. When the ratio between Cf length and diameter is more than 100, high reinforcing efficiency could thus be obtained in fibre reinforced composites [10] . So, Cf in these tests were cut to 2 mm in length: because of a lack of Cf wetting by molten aluminium and the formation of brittle materials, Al4C3, between Cf and the matrix at high temperatures, which were easily broken to influence the combination of Cf and the matrix [11] , Cf surface should be modified to ensure the compatibility between Cf and the matrix material. The modification process for Cf reinforcement has been investigated elsewhere [12] .
Firstly, the Cf surface was pre-treated to ensure its activity for future catalysis. The pre-treatment process included: burning to get rid of any glue, acidulating, neutralising, sensitising, activating, and reducing. Then, an electroless copper-plating layer was uniformly coated on the pre-treated Cf surface and its deposition controlled to avoid influencing the composition of the aluminium alloy matrix [12] .
Composite Manufacture
Because 2024 aluminium alloy is used widely as a structural material, it was chosen as the matrix to investigate the application process of the composite. The tested aluminium alloy had the following composition (wt%): Cu (4.40%), Mg (1.60%), Zn (0.25%), Mn (0.60%), Fe (0.50%), Si (0.50%), Cr (0.10%), other (0.66%), and Al (balance). To manufacture this Al/ Cf composite with different Cf contents, the mass of modified Cf and matrix alloy was first calculated: when 900 cm 3 of 2024 aluminium alloy was produced with 1%, 2%, and 3% Cf volume fractions, 15.75g, 31.50g, and 47.25g Cf and 2450.25 g, 2425.50 g, and 2410.00 g 2024 aluminium alloy were required.
A 5kW crucible in a resistance furnace was used to melt 2024 aluminium alloy. When its temperature reached 400 °C, the pre-weighed 2024 aluminium alloy was put into the crucible and heated to 760 °C for approximately 10 minutes to eliminate any gases. Then, modified Cf was added to the melting 2024 aluminium alloy and mixed at 3000 rpm for 10 minutes: the liquid temperature was maintained for 10 minutes. Subsequently, it was cast into a mould, pre-heated to 200 °C, to form a composite stick.
The cast composite stick was processed at 480 °C for 48 hours and then extruded at 500 °C to render it more compact. The extrusion ratio and speed were 2:1 and 45mm/min respectively. To compare the properties, the cast and extruded composites were separately processed with solution heat treatment at 500 °C for 2 hours and quench aging in water at 60 °C.
Property Measurement
For the cast and extruded composites, because their microstructures and compositions were related to their mechanical propertes, they were separately observed and analysed by optical microscope and scanning electronic microscope (SEM), JSM-6700F. The mechanical properties of the cast and extruded composite, such as hardness and elasticity modulus, were measured to analyse the influence of Cf content on likely material application. An HVS-50 digital duroometer was used to measure the hardness of the materials with 5kg load for 15 second and five points were measured for each sample. An MTS810 tensile test machine was used to measure the tensile characteristics of the materials at a displacement rate of 2 mm/min. For each material, at least three samples were tested, which were obtained along the axis of extruded stick, that is, in extruded direction. Before the composite was made, scandium(Sc) was added to the 2024 aluminium alloy to refine its grain size, strengthen the matrix, and prevent dispersion. Figure 1 shows the microstructure and precipitated phase of 2024 aluminium alloy with the addition of 0.5% Sc (2024Sc) after extrusion while their EDS results are in Table 1 . Its microstructure was similar to that of 2024 aluminium alloy, but the composition of its second phase was different as shown in Table 1 . The second phases with white points and webs (Figure 1(b) ) were Al-Cu phases which contained a lot of Sc and some Mg (Table 1) , therefore they were Al-Cu-Sc phases formed from the addition of Sc, Al, and Cu. To analyse the influence of extrusion on the composite microstructure and the combination between Cf and the matrix, the microstructures of cast and extruded composites were observed separately (Figures 2). For the cast composites, the distribution of Cf was uniform in the aluminium alloy matrix (Figures 2(a) , (c), and (e)), however some pores and defects appeared in all three composites with different Cf contents. The measurement indicated that approximately 5 to 8% pore volume appeared in the three types of composite with metallographic analysis method. These pores had a great influence not only on the overall compactness, but also on their mechanical properties.
Results and Discussion
Microstructure of Composites
From the microstructural images of the extruded composites (Figures 2(b) , (d), and (f)), it was concluded that the extrusion process affected the pore volume in the composites. Small-sized pores welded and disappeared, while some large-sized pores collapsed and diminished in volume. The measurement showed that the pore content decreased to approximately 1%, so the compacting effect thereof was apparent.
In all tested materials, the pores and defects increased in number as the Cf volume fraction increased, and the number in 2024Sc alloy (Figure 1(a) ) was the least. When modified Cf were added into the melting alloy and mixed well, a lot of air was also entrained and, at the same time, the material fluidity was influenced by Cf. As a result, the number of pores and defects in these composites would increase as their Cf volume fraction increased. Because of no Cf addition, a few pores and defects appeared in 2024Sc alloy.
At the same time, the extrusion process could less influence the Cf combination therewith. There was no obvious change for Cf combining well with the matrix in cast condition. This was verified from the magnified microstructural images of the same type of composite before and after extrusion (Figure 2 (e) and(f)). In cast condition (Figure 2(e) ), Cf combined well with the matrix and no separation appeared between Cf and the matrix. From Figure 2 (f), the extrusion process did not destroy the combination between Cf and the matrix, and Cf remained well integrated therewith. It was shown that modified Cf surface reacted with the matrix so as to combine with each other, and a white phase formed near the carbon fibres, which was an Al-Cu phase containing Sc and Mg.
The extrusion process could also have an effect on microstructure distributing direction in the composite as shown in Figure 3 , that is, Cf and second phase were inclined to align in the extruded direction. If the sample was transected from the extruded stick, it was observed that Cf distribution in the matrix had no apparent change (Figure 2(b), (d) and (f) ). When the sample was cut in parallel to the extruded direction, the aligned microstructures would be observed (Figure 3) . 
Mechanical Properties
Material hardness represents the ability to resist indentation, which is related to tensile strength, plasticity, and toughness. Table 2 shows the hardness values of the matrix and composites with 1%, 2%, and 3% Cf volume fraction under different conditions. As the Cf volume fraction increased, the hardness of the composite firstly increased, only to subsequently decreased. The composite with 1% Cf content had a higher hardness than that with 3% Cf content because a lot of added Cf induced more pores and defects as the Cf volume fraction increased. It was also shown that both heat treatment and extrusion could improve the hardness of the composite and matrix alloy, and the effect of heat treatment was the greater of the two. The improvement extent decreased as the Cf volume fraction increased. Material tensile characteristics reflect its load-bearing capacity and resistance to deformation and fracture, as denoted by its yield strength, tensile strength, elastic modulus, and elongation. After the cast composites were extruded and then heat treated, their samples were subjected to tensile testing (data are shown in Figures 4) . The matrix material had the highest yield and tensile strengths. As the Cf volume fraction increased, the yield and tensile strength of the composite decreased. The strength of aluminium alloy composite lay on the enhancing effect of Cf and the weakening effect of pore and defect originating from Cf adding and mixing process [13] . The enhancing effect of Cf was related with interface combination strength, Cf distributing direction, fibre-aspect ratio, and so on. In the study, because of the fixed fibre-aspect ratio and Cf combination well with the matrix in the composite (Figure 2(f) ), Cf distributing direction became the main factors to influence the enhancing effect. Because the test samples were obtained in extruded direction, the alignment of more Cf in the composite was consistent with the tensile direction, which would be easy to pull out and could not fully exert enhancing effect. At the same time, as the Cf volume fraction increased, the weakening effect of pore and defect became stronger because of the appearance of more pores and defects. As a result, the yield and tensile strength of the composite decreased in the study. So, in the future, the increase of interface combination strength and the decrease of pores should be further investigated. The trend of material yield and tensile strengths was similar to that of material hardness. However, the trend of material elongation differed from that of the strength and hardness. The elongation of composites with 1% and 2% Cf volume fraction was about the same as that of the matrix while the elongation of composites with 3% Cf volume fraction decreased. On the contrary, the elastic modulus of all composites was higher than that of the matrix material. From these data, it was concluded that the elastic properties of these composites improved while their plastic properties became worse compared to the matrix material.
Discussion
According to the rule of mixture, adding Cf with high elastic modulus would improve the elastic modulus of the composite. For fibre reinforced metallic matrix composite, when the volume fraction of reinforcement (f) is less than 0.5, its elastic modulus can be calculated as following [14] :
Here, c E , m E , and f E are the elastic modulus of the composite, matrix, amd fibre respectively, and s is the ratio between its length and diameter. So, the theoretical elastic moduli of the composites with 1%, 2%, and 3% Cf reinforcement are 75.6Gpa, 77.3Gpa, and 79.1Gpa respectively, corresponding to 76.3Gpa, 77.3Gpa, and 74.6Gpa of their actual values in the test. It is shown that the elastic moduli of composites with 1% and 2% Cf volume fraction followed this rule well while the elastic modulus of composites with 3% Cf volume fraction is less than its theoretical value. In fact, as their Cf volume fraction increased, more pores and defects were induced in these composites, which resulted in its lower elastic modulus in comparion with its theoretical value. Therefor, in order to improve the properties of these composits, some measures should be taken to reduce the number of pores and defects in future.
In the tensile test, the composite matrix bore the brunt of the loading while Cf carried little load at such low Cf contents within the composite. In the elastic region, Cf restrained the elastic deformation through its interface phase thus improving the elastic modulus. When the composite deformed plastically under tensile stress, only the matrix produced plastic deformation and no clear Cf plastic deformation occurred. So, Cf would inhibit the plastic deformation of the matrix so that stress concentrations occurred at the interface between the matrix and the Cf. When the stress exceeded the interface strength, Cf would be pulled out from the matrix to form a crack source. Thus, when a lower Cf volume fraction was added to the composite, it might degrade its material properties instead of reinforcing the product. Moreover, some gas voids and inclusions were also mixed into the melting alloy with the addition of Cf to form defects such as pores, which would become micro-crack sources under tension.
The Cu content also influenced the plastic properties of these composites: although the Cu content was controlled during preparation of the composites to a value similar to that of 2024 aluminium alloy, the final Cu contents of these composites were higher because of the difficulties in exactly controlling Cf surface modification. However, the composites were heat treated in a similar manner, which was suitable for a 2024 aluminium alloy. Therefore, the strengthening effect of heat treating could not be fully realized so the matrix strength of the composite was lower than that of the matrix material. As a result, Cf were easily pulled out under tension to generate micro-cracks, which propagated and ruptured: this served to reduce the effective cross-sectional area of the composites with the concomitant damage to their integrity and material properties.
Test results and their analyses indicated that the methods of Cf surface modification, component control, and optimum heat treatment should be investigated further to improve the properties of 2024 aluminium alloy composites reinforced with short Cf. Proper Cf surface modification would enhance the interface strength between Cf and the matrix, and consequently improve its elasto-plastic properties. The Cu content affected the formation of second phase particles and the effect of heat treating, so it should be calculated accurately in composite preparation and the Cu layer should be controlled carefully in Cf surface modification. Different compositions of the composite matrix needed different heat treatment technologies to obtain the best strengthening effect so as to improve the composite plastic properties.
Short Cf reinforced aluminium alloy composite had the characteristics of better elastic, but poorer plastic, properties which determined the kind of composite most suitable for precise structural components working in their elastic region under lower loads, such as instrument structural components.
Conclusions
From the investigation into the effects of short Cf content on the mechanical properties of an aluminium alloy composite, the key conclusions were as follows:
1. The mechanical properties of a short Cf reinforced aluminium alloy composite prepared by liquid-mixing and casting method were correlated with Cf volume fraction, distribution, interface combination with the matrix, pores and defects mainly induced by Cf adding.
2. The elastic modulus of all composites was higher than that of the matrix material. As the Cf volume fraction increased, the yield and tensile strengths of the composite decreased. The change in material yield and tensile strengths was similar to that for material hardness. The elongation of composites with 1% and 2% Cf volume fraction was similar to that of the matrix while the elongation of the composite with 3% Cf volume fraction decreased. In comparison with the matrix material, the elastic properties of the composite were improved while its plastic properties deteriorated.
3. Cf surface modification, component control, and optimum heat treatment should be investigated further to improve the properties of such short Cf reinforced aluminium alloy composites.
